Genetic analysis in mice has revealed a key genetic pathway, SUMO-specific protease 2 (SENP2)-Mdm2-p53, essential for trophoblast development. Targeted disruption of SENP2 impairs the G-S transition required for mitotic and endoreduplication cell cycles during the expansion of trophoblast stem cells and their differentiation into polyploidy cells, respectively. The disruption disturbed the subcellular distribution and SUMO modification of Mdm2, leading to interference with p53 degradation. Here, we further explore the mechanism underlying SENP2-mediated regulation of Mdm2 in p53-induced cellular stress. We identify a specific isoform of SENP2 necessary and sufficient to negatively regulate the p53-dependent transcription and its related stress responses. This isoform-specific effect is attributed to the differential compartmentalization of SENP2. SUMO conjugation of Mdm2 induces its co-localization and association with SENP2 in promyelocytic leukemia bodies. Biochemical studies show that SENP2 catalyzes the desumoylation process of Mdm2. SENP2-dependent regulation of Mdm2 is sensitive to its p53-binding activity. Our findings led us to propose a mechanism underlying the SENP2-mediated regulation of Mdm2 that is critical for genome integrity in p53-dependent stress responses. This covalent conjugation process is reversible and highly evolutionarily conserved among species.
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This covalent conjugation process is reversible and highly evolutionarily conserved among species.
2 SUMO functions in a manner similar to ubiquitin, where it is bound to target proteins as part of a post-translational modification system. However, unlike ubiquitination with a well-established role in targeting protein degradation, SUMO modification is involved in a variety of cellular processes, including protein trafficking, transcriptional regulation, cell survival and death, and protein stability. 3 Many sumoylated proteins have been shown to preferentially accumulate in specific complexes such as the nuclear pore and promyelocytic leukemia (PML) bodies. 4, 5 Similar to ubiquitination, sumoylation requires processing, conjugation and transfer. The transfer process, which covalently conjugates SUMO polypeptides to their targets, is catalyzed by E3 ligases. 6 The reverse desumoylation process is mediated by SUMO-specific proteases (SENPs). Although SENPs have been linked to catalyze SUMO modification in various physiological systems, their roles in mammalian development and pathogenesis remain largely elusive.
We previously demonstrated that SENP2 is essential for modulating the p53/Mdm2 circuit in trophoblast development. 7 Targeted disruption of SENP2 in mice impaired the G-S transition required for mitotic and endoreduplication cell cycles during expansion of trophoblast stem (TS) cells and their differentiation into polyploid cells, respectively. 7 The SENP2 ablation apparently disturbed the subcellular distribution and SUMO modification of Mdm2, 7 which is a ubiquitin E3 ligase essential for targeting p53 degradation. 8 Although the functional consequences of sumoylation have been difficult to elucidate, both p53 and Mdm2 could be modified by the SUMO pathway.
9,10 Nonetheless, we were able to show that reintroducing SENP2 into the mutants alleviates the defects by reducing the sumoylation of Mdm2, thereby diminishing the p53 level. 7 Downregulation of p53 also alleviated the SENP2-null phenotypes, while stimulation of p53 caused abnormalities resembling those of the SENP2 mutants. 7 Using gain-offunction and loss-of-function analyses, our genetic evidence revealed a key genetic pathway, SENP2-Mdm2-p53, pivotal for genome replication underlying cell proliferation and differentiation.
The involvement of SENP2 in the Mdm2-mediated regulation of p53 prompted us to further investigate the mechanistic details on this regulatory pathway. As p53 stabilization is a crucial step for its nuclear accumulations, 11 SENP2 may be involved in p53-dependent aneuploidy, genome instability and tumorigenesis. [12] [13] [14] A recent report showed that the repression of SENPs induces p53-dependent premature senescence, 15 suggesting that SENP2 may have a role in genotoxic stress. In this study, we found that SENP2 is necessary and sufficient to negatively regulate p53-dependent transcription through modulation of protein stability. SENP2 also modulates the stress responses mediated by p53. Although SENP2 encodes three proteins generated by alternative splicing, we identified an isoform-specific effect on the p53 regulation and its related responses. This was attributed to the differential compartmentalization of SENP2 isoforms modulating its interaction with Mdm2. Biochemical analysis further showed that SENP2 not only associates with Mdm2 but also modulates its SUMO conjugation. Our findings led to a proposed mechanism underlying the SENP2-mediated regulation of p53 critical for genome integrity in stress responses.
Results
Isoform-specific regulation of p53 by SENP2. We investigated whether the regulation of p53 by SENP2 results in alterations of p53-dependent transcription. In the SENP2-null cells, the level of p53 was enhanced (Figure 1a) , accompanied by elevation of p53-mediated transcriptional activity (Figure 1b) . Because the genetic mutation inactivated all three gene products of SENP2 generated by alternative splicing, 7 we next determined if the effect of SENP2 on p53 is regulated by a specific isoform (Figure 1i ). High levels of SENP2 (Figure 1c ), but not the other two forms, SENP2-M ( Figure 1e ) and SENP2-S (Figure 1g ), drastically diminished the cellular levels of p53. We also observed a slight reduction caused by SENP2-S. In addition, p53-dependent transcription is sensitive only to SENP2 overexpression ( Figure 1d ). The expression of SENP2-M (Figure 1f ) and SENP2-S (Figure 1h ) did not significantly alter gene transcription dependent upon p53. Using gain-of-function and loss-of-function analyses, the results indicated that SENP2 is necessary and sufficient for modulating p53 level, as well as p53-dependent transcription. Furthermore, there is an isoform-specific regulation of p53 by SENP2.
SENP2 modulates p53-mediated stress response. The isoform-specific effect of SENP2 on p53 led us to examine the DNA damage responses sensitive to the loss of p53. It has been shown that p53 deficiency affects cell survival caused by DNA damage-induced apoptosis. 16, 17 Indeed, doxorubicin treatment at high concentration (1 mM) resulted in the death of HCT116 cells (Figure 2a) . The doxorubicinmediated cell survival problem was alleviated in HCT116 cells with the p53 deletion (Figure 2a ). To further elucidate the regulation of p53 by SENP2 and determine the role of this regulatory pathway in cell stress, we established a number of stably transformed cell clones expressing different isoforms of SENP2 (Figure 2b ). Similar to the earlier observation (Figure 1 ), high levels of SENP2 (n ¼ 24), but not SENP2-M (n ¼ 12) and SENP-S (n ¼ 14), repressed the cellular levels of p53 (Figure 2b) . None of the derivatives of HCT116 (n ¼ 26), expressing either SENP2-M or SENP2-S, showed alterations of the p53 level. In contrast, 16 out of 24 HCT116-SENP2 cell lines displayed significant reduction of p53 and were selected for functional analyses.
We first examined whether the DNA damage-induced apoptosis is sensitive to the expression of SENP2 isoforms. In HCT116-SENP2, but not HCT116-SENP2M and HCT116-SENP2S, cells, we detected a resistance to cell death induced by doxorubicin (Figure 2c , n ¼ 3). Immunostaining of activated caspase-3 and TUNEL staining analyses further indicated that the doxorubicin-induced apoptosis was . The stress response induced by growth factor deprivation has also been shown to be dependent on p53. 18 We therefore tested if high levels of SENP2 expressed in the HCT116-SENP2 cell lines caused an effect similar to the loss of p53. In agreement with prior reports, we found that HCT116 cells with p53 deficiency continue to grow under serum starvation (Figure 2e) . A similar growth curve was observed in the HCT116-SENP2 cells compared with the HCT116-p53À/À mutants (Figure 2e , n ¼ 3 independent cell lines). High levels of SENP2 resulted in growth of HCT116 cells under growth factor-deprived condition, normally leading to cell senescence. The isoform-specific regulation of SENP2 apparently had a role in the p53-dependent stress responses.
Differential localizations of the SENP2 isoforms. To elucidate the mechanism underlying the differential regulation of p53 by SENP2, we first investigated the subcellular distribution of different SENP2 isoforms. Similar results were obtained in all three different cell lines, HCT116, C57MG and C3H10T1/2, examined. Immunostaining analysis revealed that the myc-tagged SENP2 is preferentially located to the nucleus, exhibiting the nuclear plasma (Figures 3a and b) or dotted staining pattern (Figures 3c  and d) . The SENP2-M form displayed an accumulation in cytoplasmic vesicles and the perinuclear region (Figures 3e  and f) , while the SENP2-S form distributed rather evenly in the cytoplasm (Figures 3g and h ). Double labeling with lamin B, a nuclear envelope protein, further indicated the predominant nuclear and cytoplasmic distributions of SENP2 -x) , respectively. Occasionally, we found SENP2-S in both the nucleus and cytoplasm (data not shown) that might contribute to the slight reduction of p53 ( Figure 1g ). Co-localization of the Golgi marker GS28 with SENP2-M implied that it functions in the secretory pathway (Figures 3q-t) . PML co-localizes with the nuclear dotted staining of SENP2, suggesting that it accumulates in the PML bodies under certain circumstances (Figures 3m-p). Many sumoylated proteins are targeted to these specific structures, 4 including p53. 19, 20 As SUMO modification of PML and p53 is also a key determinant for maintaining genome integrity, 4 this raises the possibility of SENP2 modulating the p53/Mdm2 circuit at the PML bodies.
Effects of SUMO modification on Mdm2 localization. We previously showed that SENP2 has a role in the sumoylation status of Mdm2, 7 We therefore tested whether SENP2 co-localizes with Mdm2 and whether SUMO conjugation alters this co-localization. Although SENP2 and Mdm2 showed similar patterns of nuclear distribution, their co-localization appeared to be minimal, with only few spots containing both proteins (Figures 5a-d). SENP2-M and SENP2-S also did not co-localize with Mdm2 (Figures 5e-l) . When the distribution of SENP2, Mdm2-SUMO1 and PML was examined, we identified extremely high levels of co-localization between these molecules ( Figures  5m-p) . To ensure that this redistribution of SENP2 is not due to a general association of SUMO proteases with SUMO1 polypeptides, we showed that the expression of Mdm2-SUMO1 does not induce the accumulation of SENP2-M and SENP2-S in the PML bodies (Figures 5q-x) . These findings, together with the data presented earlier (Figures 3 and 4) , imply that SENP2 regulates desumoylation of Mdm2 at the PML bodies.
Association of SENP2 with Mdm2. The co-localization of SENP2 with SUMO-conjugated Mdm2 led us to examine their association. Co-immunoprecipitation was performed to identify formation of the SENP2-Mdm2 complex in HCT116 cells transiently expressing MT-SENP2 with GFP-tagged Mdm2 or Mdm2-SUMO1. Indeed, SENP2 was identified in complexes containing either Mdm2 or Mdm2-SUMO1 (Figure 6a ). It seems that SUMO conjugation of Mdm2 facilitates the complex formation between these two molecules. Similar observation was also found in HCT116-SENP2 cells where SENP2 expression is elevated (Figure 6b ). Together with the co-localization study, these data suggest that the interaction of SENP2 and Mdm2 is regulated by the SUMO pathway at the PML bodies.
SENP2 catalyzes the desumoylation process of Mdm2. We previously found that SUMO-conjugated Mdm2 is elevated in SENP2-null cells. 7 Reintroducing SENP2 was able to diminish the sumoylated Mdm2 in the mutants. 7 We therefore initiated a biochemical approach to further determine the effect of SENP2 on the desumoylation of Mdm2. First, we investigated if overexpression of SENP2 alters the sumoylation status of endogenous Mdm2 in cells with either transient or stable expression of SENP2 at high levels. The result showed that transient expression of SENP2 reduces the sumoylated Mdm2, while the Mdm2 level remains comparable (Figure 7a ). Similar results were obtained by comparing the sumoylated Mdm2 levels in HCT116 and HCT116-SENP2 cells (Figure 7b ). Second, we used a cell free system to determine if high levels of SENP2 present in the protein extract can affect the SUMO-conjugated Mdm2 level. MT or MT-SENP2 protein, purified by immunoprecipitation, was incubated with protein extracts of cells expressing high levels of SUMO1 in vitro. The sumoylated levels of endogenous Mdm2 were then analyzed by immunoblot analysis. In the extracts treated with MT-SENP2, the level of SUMO-conjugated Mdm2 significantly reduced (Figure 7c ). This conversion of Mdm2 was prevented by the addition of N-ethylmaleimide (NEM), a SUMO protease inhibitor, suggesting that the effect is specific to the SUMO protease activity of SENP2 (Figure 7c ). Finally, we examined the ability of SENP2 to remove SUMO from Mdm2 using in vitro reconstitution analysis (Figure 7d ). Recombinant enzymes were first utilized to perform SUMO conjugation of Mdm2. The addition of purified SENP2 efficiently revered the sumoylation process of Mdm2, suggesting that it is an SENP2 substrate.
SENP2-dependent regulation is sensitive to the p53-binding activity of Mdm2. To decipher the regulatory pathway underlying the modulation of p53 by SENP2 and Mdm2, we first examined whether Mdm2 has an essential role in this process. As expected, the knockdown of Mdm2 by RNA interference increased the levels of p53 and its downstream (Figure 8a ). High levels of SENP2 reduced the levels of sumoylated Mdm2, p53 and p21 (Figure 8a) . However, when Mdm2 was knocked down, high levels of SENP2 were no longer capable of reducing the levels of p53 and p21, suggesting a requirement of Mdm2 in the regulation of p53 mediated by SENP2 (Figure 8a ). Next, we determined if the SENP2-mediated effect of Mdm2 is dependent or independent of the Mdm2 and p53 binding. Nutlin-3 is a potent small-molecule antagonist, which binds to the p53-binding pocket of Mdm2 and prevents their interaction, thereby stabilizing p53 and increasing the level of p21 (Figure 8b ). We found that the SENP2-mediated downregulation of p53 and p21, but not SENP2-mediated desumoylation of Mdm2, is sensitive to Nutlin-3 treatment (Figure 8b ), suggesting that SENP2 acts upstream of the Mdm2 and p53 interaction. We then examined if SUMO conjugation has an effect on Mdm2-dependent p53 degradation. A reduction of p53 occurred when Mdm2 was expressed (Figure 8c ). However, expression of Mdm2-SUMO1 or Mdm2-SUMO DGG did not cause a reduction, but a slight increase in p53 level (Figure 8c) . Furthermore, presence of Nutlin-3 not only abolished the reduction of p53 In vitro reconstitution analysis using recombinant enzymes and substrates reveals that SUMO conjugation of Mdm2 is reversed by purified SENP2. GST-tagged Mdm2 was sumoylated by recombinant Ubc9, SAE1/2 and GST-SUMO1 proteins, followed by desumoylation with purified SENP2 SENP2 in Mdm2-dependent p53 regulation M Jiang et al caused by Mdm2, but also significantly elevated the p53 level (Figure 8c ). Even in the presence of Mdm2-SUMO1 and Mdm2-SUMO DGG , we observed a consistent elevation of p53 upon Nutlin-3 treatment (Figure 8c ). To ensure that the observed effects are not due to a disruption of the E3 ligase activity, we examined the ability of the Mdm2 fusion proteins to modify p53. In an in vitro ubiquitination assay, purified GFP-tagged Mdm2, Mdm2-SUMO and Mdm2-SUMO DGG , but not GFP, were capable of conjugating a recombinant GST-tagged p53 protein (Figure 8d) , suggesting that the E3 ligase activity is maintained in the fusion proteins. Our findings imply that the SENP2-dependent modification of Mdm2 by the SUMO pathway acts upstream of the binding of Mdm2 and p53. The binding inhibition mediated by Nutlin-3 resulted in insensitiveness of Mdm2 to the SUMO regulation.
SUMO regulation of Mdm2 in DNA damage-induced apoptosis. The ability of SENP2 to modify Mdm2 and the accumulation of SENP2 and sumoylated Mdm2 in the PML bodies led us to investigate the differential localizations possibly associated with p53-mediated cellular responses. We first examined whether the subcellular distribution of Mdm2 is altered in DNA damage-induced apoptosis. In HCT116 cells undergoing p53-dependent apoptosis upon doxorubicin treatment, we found accumulations of Mdm2 (Figure 9a ), but not p53 (Figure 9b ), in the PML bodies. None of them showed PML body staining of Mdm2 before doxorubicin treatment or after doxorubicin addition for 2 h (Figure 9c) . However, the increasing number of cells exhibiting the PML body staining of Mdm2 (8 h: 7.8%, 24 h: 20.6% and 36 h: 26.5%) coincides with those undergoing apoptosis (8 h: 10.3%, 24 h: 24.7% and 36 h: 34.1%) during the course of doxorubicin treatment (Figure 9c ). These phenotypes were accompanied by enhanced accumulations of SENP2 in the PML bodies (Figure 9d) . In HCT116-SENP2 cells, the PML body distribution of Mdm2 and doxorubicininduced apoptosis were prevented by high levels of SENP2, suggesting that it is involved in these regulatory processes (Figure 9c) . Upon doxorubicin treatment, sumoylation of Mdm2 is enhanced, which is accompanied by elevated levels 
Discussion
This study demonstrated an isoform-specific effect of SENP2 on the p53/Mdm2 regulatory circuit. This effect is likely attributed to the differential compartmentalization of SENP2 isoforms within the cells. The longest form of SENP2 is necessary and sufficient for modulating the stability of p53, and the p53-dependent transcription and stress responses. Biochemical studies further show that SENP2 promotes the desumoylation of Mdm2, contributing to the p53-dependent regulations. The accumulation of SENP2 in the PML bodies further indicates its importance in modifying the activity of Mdm2 and p53. Although both SENP2 and Mdm2 preferentially accumulate in the nucleus, their localizations do not seem to overlap significantly. However, SUMO conjugation of Mdm2 leads to protein translocation, resulting in strong accumulations in the PML bodies where it co-localized significantly with SENP2. The PML body distribution of Mdm2 and SENP2 is also modulated by doxorubicin-induced apoptosis, suggesting a role in stress responses mediated by p53. On the basis of this work, we have proposed a mechanism for the SENP2-Mdm2-p53 regulatory pathway ( Figure 10 ). Although p53 does not seem to be regulated by SENP2 at the PML bodies, it is possible that SENP2 may also catalyze the desumoylation of p53. If true, this would add complexities to this multilayered regulatory network. However, the SENP2-mediated SUMO modification of p53 might have functional consequences distinct to that of Mdm2, which remains to be explored.
We have previously reported that Nutlin-3 treatment is still capable of increasing the p53 level in SENP2-null cells. 7 Nutlin-3 elevates p53 under normal (SENP2 þ / þ ) and hypersumoylated (SENP2À/À) conditions of Mdm2, implying that sumoylated Mdm2 is still able to interact with p53. Similar to Figure 10 Model for SENP2-mediated modulation of Mdm2 in regulating p53. The diagram illustrates the mechanism underlying the regulation of Mdm2 by the SUMO pathway to control the cellular level of p53. SENP2 regulates p53 through modulation of Mdm2. SENP2 interacts with sumoylated Mdm2 and regulates its SUMO conjugation at the PML body. The SENP2-dependent SUMO modification acts upstream of the binding of Mdm2 and p53 in the regulatory pathway. Desumoylation of Mdm2 permits its binding and ubiquitination of p53, which is then degraded through the proteolysis system SENP2 in Mdm2-dependent p53 regulation M Jiang et al that observed in SENP2-null cells, Nutlin-3 treatment on Mdm2-SUMO1 causes an elevation effect of p53. One possibility is that both Mdm2 and sumoylated Mdm2 form complexes with p53. Desumoylation of Mdm2 then activates its E3 ligase activity. The fact that E3 ligase activity is maintained in the Mdm2-SUMO fusion protein seems to argue against this. Alternatively, desumoylation of Mdm2 promotes the cytoplasmic translocation of p53 for degradation. Mdm2-SUMO and p53 could form a sequestration complex accumulating in the nucleus without initiating the degradation and nuclear-cytoplasmic translocation processes. Stabilization of p53 then is capable of promoting the subsequent responses to cellular stresses. The findings support our hypothesis, further implying that Mdm2-SUMO is sequestered at the PML bodies unable to promote p53 degradation under hyper-sumoylated conditions (Figure 10 ). Indeed, we have found that the cellular levels of sumoylated Mdm2 are increased upon doxorubicin treatment. Furthermore, Mdm2 and SUMO1 co-localize at the PML bodies of the doxorubicin-treated cells. Our data suggest that the SUMOconjugated Mdm2 recruits to the PML bodies, causing deficiency in targeting p53 degradation. However, due to the lack of information on identification of the sumoylation site of Mdm2, this hypothesis cannot be definitively assessed. Once the sumoylation site has been identified, it would be important to determine whether mutation of the sumoylation site interferes with the PML body distribution of Mdm2.
An important function of p53 as a guardian of the genome ensures that the genetic information is properly propagated during these processes. 21 In addition, p53 preserves genomic stability in stress responses of various insults, including DNA damage, hypoxia, metabolic stress and oncogene activation. [22] [23] [24] The most documented mechanism by which p53 exerts its protective effects is as a transcription factor.
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SENP2 is apparently a negative regulator for the p53 level and the p53-dependent transcription. Although recent evidence has challenged the classical model of p53 activation, 26 its stabilization remains to be a key regulatory step. SENP2, involved in the p53-induced regulations, may have a role in genotoxic stresses. Further investigation focusing on the action of SENP2 promises new insights into the mechanism underlying cellular stress mediated by the SUMO pathway. As our prior study indicated that the SENP2-Mdm2-p53 pathway is critical for the G-S checkpoint of mitotic divisions and endoreduplication, 7 it is possible that aberrant stimulation of SENP2 causes cell cycle defects, leading to the prevention of cell death and senescence. Recent reports suggest that the SUMO pathway is involved in cellular responses to DNA double-strand breaks. 27, 28 Whether SENP2 participates in these genotoxic stresses essential for maintaining genome integrity remains an interesting question to be determined.
Mutations in the p53 gene have been linked to familial and sporadic forms of human cancer. Li-Fraumeni syndrome is a rare familial disorder that greatly increases the risk of developing several types of cancers in children and young adults. 29 In sporadic forms, mutations have been identified in other key regulators, for example, p53, Mdm2 and p14 ARF , which result in alteration of the p53 activity. 22 Mice with disruption of RanBP2, a SUMO E3 ligase, developed tumors, 30 suggesting that aberrant regulation of the SUMO pathway induces cells to undergo malignant transformation. Previous reports also suggest that SENP1 might be associated with development of prostate cancers. 31 As SUMO can regulate p53 directly 10 or indirectly, 7 SENPs might contribute to the oncogenic processes at multiple levels. Therefore, it is conceivable that SENP2 has a crucial role in p53-induced tumorigenesis, which remains to be explored. However, embryonic lethality associated with the SENP2 deletion in mice prevents investigation of its oncogenic role. 7 Mouse models permitting conditional inactivation of SENP2 are necessary to further decipher this genetic regulatory network.
Materials and Methods DNA. The generation of pCS2-SENP2, pGFP-Mdm2, pGFP-Mdm2-SUMO1, pGEX-4T-SAE1/2 and pGEX-2T-Ubc9 clones was described previously. 7, 32, 33 The pGFP-Mdm2-SUMO1 GG96À97D clone was generated by mutating two glycine residues at the C terminus of SUMO1 contained in the pGFP-Mdm2-SUMO1 plasmid using site-directed mutagenesis (Stratagene, La Jolla, CA, USA). To generate pGEX-2T-SUMO1, pGEX-2T-Mdm2 and pGEX-2T-p53 clones, the corresponding DNA fragments were inserted into pGEX-2T vector (GE HealthCare, Waukesha, WI, USA). The myc-tagged SENP2 cDNAs, encoding the middle and short isoforms, were inserted into the pCS2 vector to create the pCS2-SENP2-M and pCS2-SENP2-S clones, respectively. To generate the pHA-SUMO1 clone, SUMO1 fragment was inserted into the pCI-Neo-HA vector (Promega, Madison, WI, USA).
Cells. The establishment and culture of SENP2 þ / þ and SENP2À/À TS cell lines were described previously. 7 To create the HCT116-SENP2, HCT116-SENP2M and HCT116-SENP2S clones, DNA fragment containing pGK-Neo was first inserted into the pCS2-SENP2, pCS2-SENP2-M and pCS2-SENP2-S plasmids. The plasmids were then stably transfected into HCT116 cells, followed by G418 (800 mg/ml) selection for 14 days. Colonies, which grow under drug resistance condition, were picked to establish cell clones. For DNA damage induction, cells were cultured with 1 mM doxorubicin. For growth factor deprivation, cells were cultured in 0.1% fetal bovine serum. The number of cells was counted each day to assess the growth curve. Cells undergoing apoptosis were detected by immunostaining of activated caspase-3 or TUNEL staining (Millipore, Billerica, MA, USA) after the doxorubicin treatment for 24 h. The stained images were taken randomly to determine the percentage of apoptotic cells by counting the activated caspase-3 or TUNEL-positive and -negative cells. Nutlin-3 (10 mM) was added to the culture media to prevent the binding of p53 and Mdm2. To measure the p53-dependent transcriptional activity, cells transfected with p53-luciferase, containing the luciferase reporter under control of p53 responsive elements, were subject to luciferase assay.
Immunostaining and immunoblot. Cells were fixed and subjected to immunological staining and fluorescent imaging analysis as described. [34] [35] [36] [37] [38] Images were taken using Zeiss Axio Observer microscope, followed by deconvolution, 3D imaging and cut-view analyses. 34, 39 Immunoblot analysis was performed by isolating protein extracts from cells in the presence of protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA), 1 mM sodium molybdate, 1 mM sodium vanadate and 1 mM PMSF, or SDS lysis buffer (2% SDS, 2% 2-mercaptoethanol, 10% glycerol, and 50 mM Tris, pH 6.8), followed by electrophoresis as described. 7, 34, 36, 39, 40 Bound primary antibodies were detected with horseradish peroxidase-conjugated secondary antibodies (Vector Laboratories, Burlingame, CA, USA), followed by ECL-mediated visualization (GE HealthCare) and autoradiography. 7, 34, 36, 39, 40 Mouse monoclonal antibodies Actin (Thermo Fisher, Waltham, MA, USA), GS28 (BD Biosciences, San Jose, CA, USA), HA (Cell Signaling, Danvers, MA, USA), PML (Santa Cruz, Santa Cruz, CA, USA), Mdm2 (Santa Cruz), myc tag (Santa Cruz), p53 (Santa Cruz), SUMO1 (Invitrogen, Carlsbad, CA, USA), rabbit monoclonal antibody SUMO1 (Cell Signaling), rabbit polyclonal antibody caspase-3 (BD Biosciences), goat polyclonal antibodies lamin B (Santa Cruz) and p53 (Santa Cruz) were used in the analyses.
Ubiquitin, sumoylation and desumoylation assays. For in vitro ubiquitin assay, purified GFP-tagged Mdm2, Mdm2-SUMO1 or GFP-Mdm2-SUMO1
DGG was added to the reaction buffer containing 50 mM Hepes (pH 8.0), SENP2 in Mdm2-dependent p53 regulation M Jiang et al 1 mM Mg-ATP, UBE1 (Boston Biochem, Cambridge, MA, USA), UbcH5c (Boston Biochem) and recombinant GST-p53 in a final volume of 10 ml, followed by incubation for 60 min at 371C. The reaction was then stopped by the addition of a loading buffer containing 150 mM Tris-HCl (pH 6.8), 6% SDS, 30% glycerol and 6% 2-mercaptoethanol and analyzed by SDS-PAGE and immunoblot analysis of p53.
To perform the in vitro sumoylation and desumoylation assays, recombinant GST-SAE1/SAE2, GST-Ubc9, GST-SUMO1 and GST-Mdm2 proteins expressed in Escherichia coli were affinity purified. The 20-ml reaction buffer containing 50 mM Tris-HCl (pH 7.6), 5 mM magnesium chloride, 10 mM ATP, 1 mg of GST-SAE1/2, 2 mg of GST-Ubc9, 10 mg of GST-SUMO1 and 200 ng GST-Mdm2 with the presence of protease inhibitor cocktail was incubated for 3 h at 371C. The desumoylation reaction was then carried out in 10 ml of the above sumoylation mixture with the addition of purified MT-SENP2. After incubation overnight at 371C, the samples were analyzed by SDS-PAGE and immunoblot analysis of Mdm2 and SUMO1.
For desumoylation analysis using cell extracts, 293T cells were transfected with HA-SUMO1 plus or minus pCS2-SENP2, as well as HCT116, and HCT116-SENP2 cells were transfected with HA-SUMO1 using Lipofectamine 2000 (Invitrogen). After 48 h, cell lysates were collected with buffer containing 100 mM sodium chloride, 20 mM Tris-HCl (pH 7.5), 1% Triton X-100, protease inhibitor cocktail (Sigma-Aldrich), 1 mM sodium molybdate, 1 mM sodium vanadate and 1 mM PMSF, followed by immunoprecipitation with anti-Mdm2 antibody and protein G agarose beads. The precipitates were analyzed by SDS-PAGE and immunoblot. To perform desumoylation analysis, cell lysates were collected from 293T cells transfected with pCS2-SENP2 or pCS2, followed by purification with anti-MT antibody-mediated immunoprecipitation. The purified MT or MT-SENP2 protein was then incubated with cell lysates isolated from the HA-SUMO1-transfected 293T cells with or without the presence of 10 mM NEM for 4 h at 371C, followed by immunoblot analysis.
